The hydrolysis of soluble starch by the amylase of Clostridium acetobutylicum was first reported by Johnston and Wynne (1935). These investigators followed the action of the amylase by determining the changes in viscosity and in the total reducing value of the digest. Unfortunately, Johnston and Wynne did not present their experimental results, but only various "factors" calculated from these results plus a mention of the analytical methods used. Since they did not recognize the existence of a maltase in their preparations and since the ratio of amylase to maltase is not a constant from one preparation to another, the quantitative conclusions reached by these authors must be held subject to confirmation.
The hydrolysis of soluble starch by the amylase of Clostridium acetobutylicum was first reported by Johnston and Wynne (1935) . These investigators followed the action of the amylase by determining the changes in viscosity and in the total reducing value of the digest. Unfortunately, Johnston and Wynne did not present their experimental results, but only various "factors" calculated from these results plus a mention of the analytical methods used. Since they did not recognize the existence of a maltase in their preparations and since the ratio of amylase to maltase is not a constant from one preparation to another, the quantitative conclusions reached by these authors must be held subject to confirmation.
The presence of the maltase in cell free filtrates was recognized and the maltase and amylase studied by Hockenhull and Herbert (1945) . These authors described a method for purifying amylase but failed to obtain it free of maltase. However, they did remove as much as 95 per cent of the maltase and concentrated the amylase three hundred times, but their method involved considerable loss of activity. These authors reported that a crude preparation hydrolyzed soluble starch to a reducing value equivalent to 100 per cent conversion to glucose. A preparation of amylase low in maltase stopped its action when conversion equivalent to 70 per cent glucose was attained. Calculated as maltose these trials yielded 200 and 140 per cent theoretical maltose hydrate. From this they presumed "that the action of a completely maltase free amylase preparation would cease altogether after reducing groups equivalent to 100 per cent maltose had been liberated, and that further conversion to glucose is entirely due to the maltase present as an impurity." They confirmed the conversion of starch completely to glucose by isolating the glucosazone in a 90 per cent yield, assuming complete conversion of the starch to glucose by action of the amylase and maltase to be 100 per cent.
Effect of substrate on enzyme production. The amylase of C. acetobutylicum2 was readily produced by the organism when grown on 5 per cent corn meal in water. It was also possible to produce the enzyme when the organism was grown on an artificial medium containing soluble starch, phytone, and inorganic salts.
As reported by Hockenhull and Herbert (1945) , this amylase is an adaptive enzyme produced when the organism is grown in the presence of starch but not when glucose or maltose is the sole carbohydrate source in the medium.
The presence of a specific substrate is usually considered to be necessary for the production of an adaptive enzyme. It is obvious that it is not the presence of a substance called starch that elicits the production of an amylase by this organism but rather it is the presence of a particular atomic or molecular arrangement in the starch.
To For the amylase determination, a method (to be described in detail elsewhere) was developed which measured the disappearance of the starch substrate. The reducing products formed could not be accurately assgned to amylase as the maltase concentration varied with the purity of the amylase preparation.
The reduction in optical density of a starch-iodine complex obeyed Beer's law and corresponded directly with the amylase activity. One unit of amylase was the concentration of enzyme present in 1 ml of sample which would digest ninetenths of a standard starch suspension within one hour when incubated at 40 C at a pH of 4.6. The standard starch substrate was 4 ml of a 1.25 per cent suspension of Merck's Lintner soluble starch.
Repeated and detailed studies of the probable structures of the substances listed in table 1 have failed to reveal a common denominator to explain their behaviors in relation to the production of amylase by C. acetobutylicum.
Action of the amylase. We were able to obtain an amylase free of maltase by two methods. One method involved the precipitation of the amylase with an equal volume of acetone at 15 to 25 C. The precipitate was left in contact with the liquid for at least fifteen minutes. This technique gave amylase yields of only 20 per cent of the original liquor, but the preparation was maltase-free. A better method was a purification method involving both acetone and ammonium sulfate precipitation. The fermentation filtrate was cooled to 5 to 10 C, one-half its volume of cold acetone was added, and the resultant precipitate removed by centrifugation and discarded. Acetone was added to the liquid to bring the acetone content to 67 per cent. The new precipitate containing the enzyme was separated and dissolved in 0.04 M phosphate buffer, pH 5.8, and dialyzed against running water for one hr. The dialysis sack with the enzyme solution was then placed in a beaker and surrounded with packed ammonium sulfate crystals. The beaker and contents were stored in a refrigerator for a period of 48 to 72 hr. The sack contents were centrifuged, the liquid discarded, and the precipitate again dissolved in pH 5.8 phosphate buffer. This method gave a 40 per cent yield of amylase. The long storage of the precipitated enzyme under saturated ammonium sulfate solution destroyed the maltase.
In order to determine if the amylase was free of maltase, a maltose solution was subjected to the action of the enzyme solution for three hours at 40 C without any increase in reducing groups. Furthermore, this maltose solution acted upon by the maltase free amylase showed no reduction in reducing groups under the action of Saccharomyces cerevisiae at pH 7.5. Somogyi (1937) demonstrated that S. cerevisaie fermented glucose but not maltose above pH 7.2; below pH 7.2 glucose and maltose were fermented.
The action of maltase free amylase on amylopectin is given in figure 1. The curve leveled off at approximately 80 per cent maltose formation. It was not possible to detect glucose in the digestion mixture at anytime by the osazone test. Maltosazone and an unidentified amorphous osazone were distinguishable.
The action of a crude amylase preparation containing maltase is given in figure 2 where the 5.8 mg level corresponded to 100 per cent hydrolysis. It is evident that the enzyme preparation did in fact digest beta-limit dextrin to 100 per cent fermentable products, an action not shown by any other amylase preparation. This is again shown in figure 3 where the ratio of enzyme to beta-limit dextrin was four times that described in figure 2. The 31 mg level corresponded to 100 per cent digestion.
The action of the amylase on soluble starch as measured by the starch-iodine reaction is shown in figure 4 . that k = 1. Therefore, -dS/dT = SE. On rearrangement and integration between times T1 and T2 we get ln(S/S2) = E(T2-T1). This is the equation for a first order reaction. k from the data in figure 1, with tl= 00 per cent andA' = 100 -per cent of theoretical maltose remaining, the value of k up to 90 minutes is 0.085 while for 5 hr it is 0.04 and for 10 hr it is 0.02. It is obvious that the decomposition of the starch is not monomolecular with respect to products formed. The degradation of starch appears to be divided into at least two stages, with reference to rates of liberating reducing groups. The first stage releases reducing groyps more rapidly than the second. Figures 2 and 3 show that the reducing groups liberated in the first stages of decomposition are not fermentable by S. cerevisiae while those in the later stage(s) are fermentable. This would indicate a semraondom attacking of the substrate molecule resulting at first in chains of nonfermentables, which still give color with iodine, and then chains ofless than 9 units in length which give no color with iodine (Swanson, 1948) . Figure 5 is a replotting of the data of figure 2 where the nonfermentable residue from the beta-limit dextrin was taken as the glucose equivalent to the initial limit dextrin in mg, minus the mg of glucose. This then is a plot of the rate of breakdown of the beta-limit dextrin to maltose. The points of junction of these stages in figures 5 and 6 have been drawn as point-junctions with a sudden transition for emphasis.
From an examination of figure 5 it appears that two stages are involved, the second proceeding at a much slower rate than the first. It is significant that up to five hours the amount of maltose formed is almost zero. Figure 6 is a plot of the data from figure 1 with the logarithm of the per cent hydrolyzed, i.e., 100 minus the per cent hydrolyzed, versus time. Note again the three stages and the substantiation for the belief that three consecutive reactions are involved.
In plotting the logarithm of the concentration of substrate remaining after time T against varying values of T, a straight line would result if the removal of substrate is the result of a first order reaction. Since figure 6 is such a plot and shows three definite straight portions, this has been interpreted to mean that the breakdown of starch or limit dextrin is carried out by the amylase through three successive first order reactions. The ratios of the slopes of the straight portions in figures 5 and 6 would be the ratios of the affinities of the enzyme and substrate for each other for the different chain lengths of substrates since the slope itself represents the rate of hydrolysis, and the rate of hydrolysis is a direct function of the affinity. From figure 5 the ratio of the affinities in the last two stages is about 2.5. From figure 6 the ratio of affinities for stages two and three is about 2.8. Thus, it would appear that the chain lengths in the last two stages are the sme whether the initial substrate is starch or limit dextrin. alternate alpha-1,4-linkages starting with the nonreducing end of the chain (Hopkins, 1946) . The betalimit dextrin is believed to be the residue after the amylopectin fraction is acted upon. When a point of branching is reached, the ,8-amylase action must stop. Amylose, a coiled unbranched chain of glucose residues, is completely hydrolyzed by ,-amylase with no limit dextrin production. The a-amylase disrupts starch to low molecular weight dextrins. Myrback (1948) described the a-amylase as an endo-amylase. He stated that a-amylase can attack both amylose and amylopectin in a random fashion, opposed to the orderly attack catalyzed by a f-amylase. The a-amylase can by-pass the anomalous linkages by virtue of its random attack.
In these studies it would appear that results analogous to those obtained by Myrback (1948) for malt a-amylase should have been obtained. Myrback found that malt a-amylase acting upon starch liberated glucose even in the absence of maltase. His explanation was that these glucose molecules were the residues from chains with odd numbers of glucose residues after maltose units had been removed through enzyme action. The failure to find glucose in hydrolysates resWulting from the action of the maltose free amylase of C. acetobutylicum points to a difference between these otherwise similar enzymes. The enzyme breaks the substrate into chains of five to eight glucose residues through a random attacking of the long chains. Its affinity for long chains prevents its braking these smaller chains down further until the long chains are almost completely decomposed, hence a rise in the nonfermentable reducing groups in the early hours of the digestion. After the long chains have been substantially removed, the shorter chains are attacked. However, the lower affinity of these shorter chains for the enzyme would result in a great decrease in the rate of hydrolysis since the fraction of enzyme actually working would be smaller. These units of five to eight residues are then attacked at the 1 ,4-linkages resulting in a mixture of maltose, isomaltose, and maltotriose if the enzyme preparation is maltase free. If maltase is present, the maltotriose, maltose, and isomaltose are further hydrolyzed to glucose. It is believed that the amylolysis described before is due to the action of a single enzyme because of the rather marked differentiation between the steps due to the difference in affinity of the various lengths of glucose residue for this single enzyme. If several enzymes were involved, the process would be more thoroughly integrated with the smaller chain lengths being attacked as they were formed. The overall picture of such an action would show no zones of demarcation between phases.
Amylase as a saccharifysng agent in the fementation of ethanol. The amylase of C. acetobutylicum was evaluated as a saccharifying agent for the production of ethanol by the seventy-two hour fermentation method of Reese, Fulmer, and Underkofler (1948) . Table 3 gives the results of this evaluation.
The yield with the optimum amount of enzyme indicated in table 3 was as high as the best yield reported by the workers using fungal amylase.
On a moisture free basis, the optimum yield listed in table 3 was 97 per cent of the theoretical maxmum.
SUBMARY
While the amylase of Clostridium acetobutylicum has been shown to be an adaptive enzyme, substances other than starch such as fructose, mannose, mannitol, and cellobiose stimulate the production of the enzyme in the complete absence of starch or starch fractions. a-Limit dextrin is superior to whole soluble starch or its other fractions in the stimulation of enzyme production.
Amylase free of maltase may be prepared by using ammonium sulfate or acetone or both under appropriate conditions. The enzymatic hydrolysis of starch was found to consist of three consecutive first order reactions. Each reaction was substantially completed before the next reaction commenced. Glucose is not one of the hydrolysis products in the absence of maltase.
Ninety-seven per cent of the theoretical mamum ethanol yield was obtained when this amylase was a saccharifying agent in the ethanol fermentation. This yield is comparable with that which is obtainable with the best mold amylase preparations.
